The BODE index is a multidimensional grading system for predicting the prognoses of patients with chronic obstructive pulmonary disease (COPD). This study investigated whether an amino acids-based metabolic profile developed for heart failure patients (including histidine, ornithine, phenylalanine, and leucine) could identify COPD patients and further discriminates COPD patients in advanced BODE stages. Methods: Ultra-performance liquid chromatography was performed on 119 participants, including 75 COPD patients at different BODE stages and 44 normal controls. Albumin, prealbumin, transferrin, high sensitivity C-reactive protein, and hand grip strength were also measured. Receiver operating characteristic curves and area under curves were used for estimation. Results: The BODE points in our patients were 3.29 [95% confidence interval (CI) = 2.74-3.85]. Compared to normal controls, COPD patients had lower leucine but higher ornithine levels. A COPD score, developed based on leucine and ornithine, significantly discriminated COPD from normal controls [odds ratio (OR) = 2.71, 95% CI = 1.83-4.04, p <0.001]. A COPD score of ≥ 3.00 had an OR of 15.58 (95% CI = 5.96-40.73, p <0.001). In COPD patients from BODE 1 to BODE 4, the levels of histidine, ornithine and phenylalanine increased significantly. In multivariable analysis, histidine and phenylalanine were independently able to distinguish BODE stages 3 and 4 from BODE 1 and were adopted to develop a metabolic score. Metabolic scores identified patients at BODE 3 and 4 (OR = 2.74, 95% CI =1.41-5.29, p = 0.003) better than hand grip strength, high sensitive C-reactive protein, albumin, pre-albumin, and transferrin value. A metabolic score of ≥9.53 significantly discriminated BODE 3 and 4 from BODE 1 and 2 (OR = 8.56, 95% CI = 2.77-26.39, p <0.001). Conclusion: Amino acid-based COPD score and metabolic score discriminate COPD patients from normal controls, and identify patients in advanced stages of COPD.
Introduction
Chronic obstructive lung disease (COPD), currently the third leading cause of mortality worldwide, results in a great social and economic burden. 1 This common and preventable disease is characterized by persistent and progressive airflow limitation associated with inflammation caused by exposure to noxious particles, especially tobacco. 2 The BODE index, a multidimensional grading system, comprises body mass index (BMI), forced expiratory volume in one second (FEV1), dyspnea score (modified Medical Research Council questionnaire (mMRC)), and exercise capacity (six-minute walking distance (6MWD)). 3 Studies show that a single BODE index measurement can predict morality and hospital admission for COPD. [3] [4] [5] However, the BODE index requires use of physiological tests and questionnaires, which are somewhat subjective and not easily reproducible, which may limit the reliability of the BODE index for clinical use. 6 There is an unmet need to identify objective biomarkers for assessing COPD severity. Metabolomics is a comprehensive tool for investigating the biochemical changes in cells, tissue, and body fluids with the potential to represent an individual's health status and guide disease treatment. It is a rapidly growing field 7 and several metabolomics studies have documented different metabolism patterns between COPD patients and normal controls. [8] [9] [10] [11] However, the results of such research
have not yet been applied for clinical use, probably due to the limited availability of mass spectrometry and the complexity of multi-metabolite measurement. 12, 13 Previously, we proved the diagnostic and prognostic value of metabolomics in plasma for heart failure (HF) patients. 14 Next, we created a simplified metabolic panel by measuring only histidine, ornithine, phenylalanine and leucine utilizing ultra-performance liquid chromatography (UPLC). 12, 15 This profile provided not only diagnostic and prognostic value during both the acute stage and outpatient phases, but also indicated muscle breakdown and functional status. 12, 15 COPD and HF share similar symptoms, signs, pathogenic mechanisms, skeletal muscle alterations, as well as similar exercise intolerance caused by cachexia. 16, 17 We decided to test whether the amino acidbased metabolic profile we developed for HF could be applied to COPD patients. Thus, the aims of this study were: 1) to investigate the relationship of four amino acids (histidine, ornithine, phenylalanine, and leucine) to the presence of COPD and to the BODE index; 2) to investigate the ability of this amino acid-based panel to discriminate COPD patients from normal controls and discriminate between different BODE stages compared to traditional assessment tools, such as parameters for nutrition (albumin, pre-albumin, transferrin), inflammation (C-reactive protein), and muscular function (hand grip strength); and 3) to see whether a metabolic panel derived from HF patients could be also applied to COPD patients.
Methods

Patients And Study Design
From May 2017 to September 2018, patients with all severity levels of airflow constriction were consecutively enrolled if they were between 40 and 90 years old and fulfilled the criteria for COPD according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines. 2 Exclusion criteria included: patients who were bed-ridden for more than three months and/or unable to stand alone; patients with a serum creatinine of > 3 mg/dl; patients with active cancer; and patients with disorders that might compromise their survival within the next six months. Normal controls were ages 20 to 85 years, had no significant systemic disease, and were not on any medications. Written informed consent was obtained from all patients. The study was designed and carried out in accordance with the principles of the Declaration of Helsinki and with approval from the Ethics Review Board of Chang Gung Memorial Hospital (IRB/CGMH, No.201700159B0C102).
Clinical Variables Related To COPD
The following variables were evaluated in COPD patients: age; sex; comorbidities; FEV1; 18 
Blood Sampling And Examination
To measure met abolites, we collected blood samples of COPD patients in EDTA-containing tubes in the early morning after overnight fasting. Plasma was analyzed by metabolomics workflow. For normal controls, we collected blood samples for metabolites at enrollment. Measurement of other parameters, including high sensitive C-reactive protein (hsCRP), albumin, pre-albumin, transferrin, and fasting blood sugar, was conducted in the central core laboratory.
Ultra-Performance Liquid Chromatography (UPLC)-Based Measurement
The plasma samples (100 μL) were precipitated by 10% sulfosalicylic acid. After protein precipitation and centrifugation, we initiated derivatization using AQC in acetonitrile. Next, amino acids were analyzed using the ACQUITY UPLC System which consisted of a binary solvent manager, a sample manager, and a tunable UV detector. The system was controlled and data collected using Empower™ 2 Software. Separations were performed on a 2.1 × 100mm ACQUITY BEH C18 column at a flow rate of 0.70 mL/min. The average intra-assay coefficient of variation was 4.3% for histidine, 4.6% for ornithine, 4.5% for leucine, and 4.6% for phenylalanine. The total coefficient of variation was 3.1% for histidine, 3.6% for ornithine, 4.1% for leucine, and 3.7% for phenylalanine. The detection limit was 0.5 μM for histidine, 2.0 μM for ornithine, 0.9 μM for leucine, and 3.3 μM for phenylalanine. The linear range was 25-500 μM for these four amino acids.
Metabolite Concentration Corrected By Leucine Levels
Previously, we demonstrated that the concentration of leucine correlated significantly with the concentration of total essential amino acids, indicating nutritional status. 12 To avoid the impact of low total essential amino acid levels on the interpretation of individual amino acid concentrations, we used leucine for correction of histidine, ornithine and phenylalanine as follows. If the concentration of leucine was ≤ [(mean leucine level in normal subjects) -(standard deviation of leucine levels in the blood of normal subjects)], other amino acid concentrations were corrected as follows. Corrected histidine level (Hc) = histidine level × [(mean leucine level in normal subjects) -(standard deviation of leucine levels in the blood of normal subjects)]/leucine level. If leucine level > [(mean leucine level in the blood of normal subjects) -(standard deviation of leucine levels in the blood of normal subjects)], Hc = histidine level. We calculated corrected ornithine levels (Oc) and corrected phenylalanine levels (Pc) using the same equation.
Statistical Analysis
We analyzed data using SPSS 22.0 (SPSS Software, Chicago, IL, USA). Results are expressed as mean ± standard deviation for continuous variables and number (percentages) for categorical variables. Data were compared by ANOVA and chi-square when appropriate. We tested the linear trend of the distribution of demographic and laboratory data across study groups using CochranArmitage chi-square analysis for categorical variables and linear contrast in the general linear model for continuous variables. Univariate analysis detected the associations between each variable and the study groups. Each variable that was statistically significant in the univariate analysis (p < 0.05) was entered into a multivariate forward stepwise logistic regression to identify independent variables capable of discriminating COPD patients from normal controls and discriminating between BODE stage 1 and BODE stages 3 and 4. In addition, we developed a COPD score and a metabolic score using the ß estimates based on the multivariable logistic regression. Alpha level was set at 0.05 and an alpha level of 0.10 was used as the cutoff for variable removal in the automated model selection for multivariable logistic regression. To investigate the usefulness of each variable for discriminating COPD patients from normal controls and discriminating BODE stages 3 and 4 from BODE stage 1, we constructed receiver operating characteristic (ROC) curves and area under curves (AUCs). Cutoff values for the variables were identified using Youden's index. A p value of <0.05 was considered significant.
Results
Baseline Characteristics
A total of 119 participants, including 44 normal controls and 75 COPD patients with different BODE stages values were enrolled. The data of metabolites in the normal controls were used in further analyses and to correct amino-acid concentrations. Baseline characteristics and laboratory data are shown in Tables 1 and 2 . Compared to normal controls, the patients with COPD were older, and had higher hsCRP and fasting blood sugar levels. From BODE stage 1 to BODE stage 4, patients showed a significant trend toward lower BMI, FEV1, 6MWD, SpO2, along with higher mMRC points, CAT points, BODE points, along with greater percentages of patients with GOLD group D and patients receiving triple therapy. In parameters indicating nutrition, inflammation and muscular function, pre-albumin levels and hand grip strength decreased significantly from BODE stage 1 to BODE stage 4 ( Table 2 ). However, there were no significant differences in hsCRP, albumin, and transferrin.
Amino Acid-Based Profile Between COPD And Normal Controls
To test the ability of metabolites in discriminating patients with COPD from normal controls, univariate analysis showed that COPD patients had significantly lower leucine levels, but higher Hc and Oc levels compared to normal controls (Table 3) . In multivariable analysis, leucine and Oc were two independent variables for identifying COPD, and were then used to develop a "COPD score". Based on the ß estimates from the multivariable logistic regression, the COPD score was calculated as 0.036 × Oc -0.051 × leucine + 6.33.
To discriminate patients with COPD from normal controls, the COPD score had an OR of 2.71 (95% CI = 1.83-4.04, p < 0.001). The COPD score remained statistically significant after adjusting for age, hsCRP and fasting blood sugar (OR = 2.66, 95% CI = 1.35-5.23, p = 0.005). Using ROC curves to evaluate the diagnostic value of COPD score, the COPD score had an AUC of 0.856 (Figure 1 ). Based on Youden's index, the cutoff value for COPD score was set at 3.00. A COPD score of ≥ 3.00 significantly distinguished COPD patients from normal controls (OR = 15.58, 95% CI = 5.96-40.73, p <0.001) (the sensitivity, specificity, and accuracy were 74.7%, 85.1%, 78.2%, respectively). Amino Acid-Based Profile Between Different BODEs
In COPD patients from BODE 1 to BODE 4, there was a significant trend of increases in the levels of histidine, ornithine, phenylalanine, Hc, Oc, and Pc (Table 2) . No significant changes were noted in leucine levels. Leucine levels increased insignificantly from BODE 1 to BODE 3 but decreased in BODE 4. Next, we investigated whether metabolites could discriminate patients with different BODE indexes. We merged patients with BODE 3 and 4 into one group due to severity and small sample size, and compared patients with BODE 3 and 4 to those with BODE 1. In univariate analysis, histidine, phenylalanine, Hc and Pc significantly discriminated patients with BODE indexes of 3 and 4 from those at BODE stage 1 (Table 4) . In multivariable analysis, histidine and Pc were two independent variables useful for discrimination, and were consequently used to develop a "metabolic score". Based on the ß estimates from the multivariable logistic regression, the metabolic score was calculated as 0.049 × histidine + 0.066 × Pc. To discriminate patients at BODE stages 3 and 4 from those at BODE stage 1, the metabolic score had an OR of 2.74 (95% CI =1.41-5.29, p = 0.003) ( Table 5) . We also tested whether parameters of nutrition, inflammation and muscular strength were able to discriminate patients with BODE of 3 and 4 from those at BODE stage 1 (Table 5) . Using univariate analysis, hand grip strength was the only significant parameter. Next, in multivariable analysis, we adjusted the metabolic score for hand grip strength. The value of the metabolic score for discriminating BODE 3 and 4 patients from BODE 1 patients was independent of hand grip strength (Table 5 ). Using ROC curves to evaluate the ability of discrimination, the metabolic score had an AUC of 0.773 ( Figure 2) . A combination of metabolic score and hand grip strength (0.985 × metabolic score -0.094 × hand grip strength + 5) improved the AUC to 0.802. Based on Youden's index, the cutoff values for the metabolic score and for a combination of metabolic score and hand grip strength were set at 9.53 and 9.66, respectively. A metabolic score of ≥ 9.53 significantly distinguished patients at BODE stages 3 and 4 from patients at BODE stage 1 (OR = 15.75, 95% CI = 3.60-68.88, p <0.001) (the sensitivity, specificity, and accuracy were 63.6%, 90.0%, 77.3%, respectively), and so did a combination of metabolic score and hand grip strength of ≥ 9.66 (OR = 9.50, 95% CI = 2.30-39.30, p = 0.002)(the sensitivity, specificity, and accuracy were 86.4%, 60.0%, 71.2%, respectively). In addition, the metabolic score ≥ 9.53 also significantly discriminated patients at BODE 3 and 4 from those at BODE 1 and 2 (OR = 8.56, 95% CI = 2.77-26.39, p <0.001).
Discussion
This study developed amino acid-based indexes, namely COPD score and metabolic score, to discriminate COPD patients from normal controls and to identify patients in advanced BODE stages from all COPD patients, respectively. COPD patients had lower leucine but higher ornithine concentrations compared to the normal controls. However, among patients with COPD, blood concentrations of histidine, ornithine and phenylalanine increased significantly along with disease severity from BODE stages 1 to 4. The value of these scores in discrimination was better than parameters for nutrition, inflammation, and muscular function. In addition, the amino acid-based profile of COPD patients was different from that of patients with HF. Figure 1 The receiver operating characteristic curves and the area under the curves of COPD score and metabolic score for discriminating patients with chronic obstructive pulmonary disease from normal controls. COPD, chronic obstructive pulmonary disease.
Although we hoped the amino acid profile developed for HF could be applied for COPD, we found that the changes in these amino acids that accompanied with increasing severity of COPD were different from those in HF. In both diseases, ornithine and phenylalanine increased similarly with severity; however, the increase in histidine level in COPD contrasted to its decrease in HF. Moreover, even the differences in the amino acids between normal subjects and COPD were not similar to the findings in the HF population. The distinct COPD score could discriminate COPD patients from normal controls, independent of age and inflammation. This score helps the diagnosis of COPD patients who had poor performance of pulmonary function test or history taking, and definitely identifies a population with distinct metabolic discturbance associated with COPD in addition to lung function test-based diagnosis.
Muscular dysfunction is an important characteristic of COPD patients, which may be explained by decreased muscle synthesis and impaired muscle anabolism and hypertrophy due to decreased insulin like growth factor 1, especially in cachexic COPD patients and during acute exacerbation. 23, 24 When histidine is used to synthesize muscle, it is turned into methylhistidine via methyltransferase enzyme during the cross-linking process of actin and myosine. 9, 15 Reduced utilization of histidine for muscle growth may result in increased serum histidine levels. Actually, previous studies have shown that serum histidine levels are elevated in COPD patients who had worse disease severity with emphysema, cachexia, and increased systemic inflammation. 8, 9 Interestingly, in HF patients, histidine level decreased with worse disease severity. One of the possible explanations was that HF is associated with greatly increased histidine consumption for energy production without adequately refilling the histidine pool, due to high turnover rate in muscle. 15 The different amino acid profiles of COPD and HF patients require further investigations. COPD is characterized by lung inflammation due to inhaling noxious particles and increased number of macrophages, neutrophils and lymphocytes. 25 Numerous inflammatory cytokines are then produced and released along with synthesis of inducible nitric oxide synthase by macrophages, epithelium, and vascular smooth muscle in airways. 26 Previous studies have showed that the amount of nitric oxide in exhaled air was substantially increased among patients with more severe COPD and during acute exacerbations. [27] [28] [29] Nitric oxide inhibited ornithine decarboxylase. 30, 31 Previous studies have also demonstrated increased arginase activity in the airways of COPD patients, 32 which indicates greater conversion of arginine to ornithine. 33, 34 Moreover, COPD is associated with mitochondrial dysfunction, 24 which potentially causes dysregulation of the urea cycle, followed by increased ornithine metabolism. These sophisticated mechanisms may contribute to the elevated ornithine levels from BODE stages 1 to 4, as noted in our study. In cachexia, protein breakdown driven by cytokines or metabolized for fuel production releases amino acids. 35 Phenylalanine, which serves as both a glucogenic and ketogenic amino acid, degrades to enter the Krebs cycle or is converted to acetoacetyl-CoA to form ketone bodies. 35 In COPD patients with cachexia, phenylalanine is elevated, along with histidine, glutamine, arginine, and aspartic acid, compared with non-cachexia patients. 9 Moreover, increased net release of phenylalanine in skeletal muscle is observed when fasting, which is related to reduced mTOR activation. 36 The elevated phenylalanine concentrations in COPD may be associated with increased muscle breakdown due to cachexia. Furthermore, chronic inflammation and exaggerated oxidative stress, which are characteristics of COPD, substantially lower the bioavailability of 5,6,7,8-tetrahydrobiopterin which is a co-factor for conversion of phenylalanine to tyrosine. This mechanism also potentially increases phenylalanine levels. 37 As demonstrated in our study, the metabolic score is able to identify COPD patients at BODE stages 3 and 4. However, its combination with other clinical parameters merits further consideration for clinical application. For example, hand grip strength and metabolic score represented independent aspects of COPD assessment, and their combination may objectively improve identification of patients at high risk, especially for those who cannot walk.
A number of confounding factors may interfere with the interpretation of metabolism, including age, nutritional status, muscle mass, and more. In our study, the normal controls were younger than our COPD patients. Previously, we showed that leucine was strongly correlated with the total amount of essential amino acids 12 which indicates nutritional status and decreases with aging. 38 Thus, to overcome Figure 2 The receiver operating characteristic curves and the area under the curves of COPD score, metabolic score, hand grip strength (HGS), and a combination of metabolic score and HGS for discriminating patients at BODE 3/4 from patients at BODE 1. COPD, chronic obstructive pulmonary disease.
the effect of differences in patient characteristics on metabolite concentrations, we used leucine to correct histidine, ornithine and phenylalanine levels. Based on corrections we proposed in the Methods section, there were no significant differences in the histidine and phenylalanine levels between the normal controls and BODE stage 1 patients. On the other hand, the decreased leucine levels compared to normal subjects also warrant further investigations on the associated mechanisms. The study has several limitations. First, the mean age of our COPD patients was over 70, which reflects the natural course of COPD. However, it was difficult to recruit healthy individuals over age 70 without any comorbidities for the control group. This made fair evaluation of the differences in metabolites between COPD patients and healthy controls difficult. Second, the metabolic score should be compared head to head with BODE index based on the outcomes, such as mortality. However, the follow-up duration was not long enough in our study population. Third, although the LVEFs were normal (average LVEF = 66.7 ± 9.0%) in our patients, cardiac echocardiograms were not performed in 15% of COPD patients. However, these patients had no symptoms, signs, or evidence of HF when COPD was not exacerbated. Fourth, since the sample size in this study was small, studies with a large sample size are indispensable for ensuring the value of the COPD and metabolic scores. Finally, this study tested the value of a successful amino acid panel derived from HF patients for patients with COPD. To create a customized metabolic profile for COPD patients, we recommend untargeted metabolomics-based mining of plasma metabolites for future research.
Conclusions
Based on a simple amino acid profile, the COPD score provides a metabolic signature of COPD independent of age and inflammatory status, and helps diagnosis of COPD. The metabolic score is capable of objectively identifying patients with severe forms of COPD. These finding raise the possibility of using biomarkers to replace the BODE index, which cannot be used for patients who are unable to walk or provide accurate information on the components of BODE. Future studies will further explore the characteristics of patients with high COPD scores, and focus on whether a metabolic score provides prognostic value similar to or better than BODE.
Abbreviations COPD, Chronic obstructive lung disease; BMI, body mass index; FEV1, forced expiratory volume in one second; mMRC, modified Medical Research Council questionnaire; 6MWD, six-minute walking distance; HF, heart failure; UPLC, ultra-performance liquid chromatography; CAT, chronic obstructive lung disease assessment test; SpO2, oxygen saturation; hsCRP, high sensitive C-reactive protein; Hc, corrected histidine level; Oc, corrected ornithine levels; Pc, corrected phenylalanine levels; ROC, receiver operating characteristic; AUCs, area under curves.
